The effect of the glucose analogue 5-thio-~-glucose (5TG) on the yeast Saccharomyces cerevisiae was studied. Derepression of mitochondria1 respiratory chain cytochromes, alcohol dehydrogenase (isoenzyme 11), NADH dehydrogenase and maltase was inhibited by 0.5-2 ~M -~T G . Growth rate was only slightly affected. Ethanol was efficiently produced with 2 rnw5TG in medium initially containing 0.25 % glucose. Mutants resistant to the growth inhibitory effects of 5TG on glycerol medium showed resistance to the catabolite repressing effects of glucose. Other mutants, known to be catabolite repression resistant, showed resistance to 5TG. The analogue seems to inhibit derepression of glucose repressible enzymes with greater potency than glucose itself.
INTRODUCTION
Catabolite repression is a physiological condition seen in many unicellular organisms. When, for example, yeast cells are grown in medium containing glucose, fructose or mannose, enzymes of the Krebs cycle, the respiratory chain, the gluconeogenesis pathway and the glyoxylate shunt are repressed (for a review see Barnett, 1976) . How catabolite repression is mediated in yeast is still enigmatic although the isoenzyme PI1 of hexokinase is clearly involved (Entian & Frolich, 1984) . In Escherichia coli, catabolite repression is mediated by CAMP whereas in yeast such a role has not been unequivocally demonstrated for that compound (Uno et al., 1984) . The glucose analogue 2-deoxy-~-glucose (2DG) has proved useful for the isolation of catabolite repression resistant mutants (Zimmermann & Scheel, 1977) . It interferes with catabolite repression (Witt et al., 1966) but is very toxic to cells (van Wijk et al., 1969) . Another glucose analogue, Dglucosamine, is a gratuitous glucose repressor (Witt et al., 1966) . It is not metabolized and is nontoxic but is effective only at relatively high concentrations (Furst & Michels, 1977) . In this report we describe repressive effects of the glucose analogue 5-thio-~-glucose (5TG), which is shown to be less toxic than 2DG and effective at lower concentrations than D-glucosamine. Isolation ofmutanrs. Petite mutants, from strains A30 and D1 1, were isolated as described earlier (Egilsson et al., 1979) . Mutants resistant to 5TG were obtained by exposing cells to 4 ~M -S T G on glycerol agar at cell densities of lo8 cells per plate and picking growing colonies. These were tested for resistance to repression by high concentrations of glucose; two mutants were selected for further experiments, one from strain D1 1, designated V106, and one from strain A30, designated VE1.
METHODS

Organisms
Abbreviations : 5TG, 5-thio-~-glucose ; 2DG, 2-deoxy-~-glucose ; ADH, alcohol dehydrogenase. Growth conditions. The medium contained 1 % yeast extract (Difco) and carbon source as specified. Where solid medium was required, 1.5 % (w/v) agar (Difco) was used. For liquid culture, cells were grown in 100 ml medium in 500 ml flasks in a gyratory water bath at 150 r.p.m. and 30 "C. Cells grown in high glucose (initial concentration 6%, w/v) were harvested in the exponential phase, i.e. in a catabolite repressed state (after about 12 h). Cells grown in low glucose (initial concentration 0.25%) were harvested in the stationary phase (after about 20 h) to provide derepressed cells.
Growth rate, glucose and ethanol measurements. Growth rate in liquid medium was determined by measuring optical density at 610 nm. Samples were taken aseptically, the cells pelleted and the supernatant used for glucose measurements (Trinder, 1969) and ethanol measurements (Skaftason & Johannesson, 1975) .
Cytochrome absorption spectra. Absolute cytochrome spectra of whole cells were measured with a double beam spectrophotometer, as described by Egilsson et al. (1979) .
Growth inhibition test on solid media. The glucose analogues 5TG, Dglucosamine and 2DG were filter-sterilized (Millex 0.22 pm) into the medium at 50 "C. The medium contained as the only carbon source either glucose, galactose, maltose, raffinose, methyl a-D-glucoside (each 2%, w/v) or glycerol (4%, w/v). Growth inhibition was tested using a multiple inoculation device (Hughes & Wilkie, 1970) . To exclude possible cross-feeding, each strain was also plated one per plate.
Disruption of cells, enzyme activity measurements and starch gel electrophoresis. Cells were harvested by centrifuging at 1000 g for 5 min. The pellet was washed twice in 0.1 mM-potassium phosphate buffer, pH 6.4. Cells were disrupted with glass beads in a laboratory mixer (Ciriacy, 1975) and centrifuged at 2000g for 10 min. The supernatant was diluted in the same buffer to 20 mg ml-' and used for enzyme activity measurements and starch gel electrophoresis. Protein was measured by the method of Bradford (1976) . Enzyme activity measurements of maltase (EC 3.2.1.20), and NADH dehydrogenase (EC 1.6.99.3) were done as described by Zimmermann et af. (1977) . Electrophoresis of alcohol dehydrogenase (ADH) was done as described by Ciriacy (1975) . Electrophoresis of hexokinase was done in a Tris/maleate buffer system at pH 7.4 and enzyme activity detected by the tetrazolium dye technique (Gudnason et al., 1984) .
Surface appearance of colonies. Normally, colonies of strain BB grown from single cells on glycerol agar have a rough surface whereas those grown on glucose are smooth. Cells were grown on glycerol agar in the presence of 5TG (0.1 mM), and the surface appearance of colonies was examined after 5 d.
Chemicals. Reagents for protein assay were from Bio-Rad. All other reagents, chemicals and nutrients were from Sigma.
RESULTS A N D DISCUSSION
Eflect of 5TG on growth 5TG (2 mM) had no effect on the growth rate of strain D11 in liquid glucose medium, while with strain A30 the generation time was slightly longer (Table 1) . Strains A30 and D11 were also grown on agar plates containing different carbon sources, in the presence of increasing concentrations of 5TG (Table 2) . For utilizing non-zymohexoses derepression of certain catabolite repressible enzymes is required, e.g. galactokinase, maltase, methyl-a-D-glucosidase and invertase for the utilization of galactose, maltose, methyl a-D-glucoside and raffinose, respectively (Matern & Holzer, 1977 ;  1969; Hackel & Khan, 1978) . 5TG (0-1-0.3 mM) inhibited growth of strains A30 and D11 on glycerol medium (a non-fermentable substrate, the utilization of which requires derepression of the mitochondria1 respiratory system); slightly higher concentrations (0-3-0.8 mM) inhibited growth on the non-zymohexoses (with the exception of strain D11 on galactose). It is concluded that 5TG interferes with the derepression of enzymes needed for utilization of these carbon sources. This conclusion appears to agree with the more direct measurements of enzymes discussed later.
No effect of 5TG was seen on growth on solid glucose medium (2%) with the highest concentration tested (30 ~M -S T G ) .
For comparison, it should be noted that concentrations of 2DG around 5 mM were lethal to strains A30 and D11 on glucose medium, indicating stronger toxicity of the latter analogue. D-Glucosamine exerted catabolite repressive effects on strains A30 and D11, but 3-4 times higher concentrations were required than of 5TG. The highest concentration of D-glucosamine tested (30 mM) did not inhibit growth on glucose medium (details not shown).
Table 1. Efects of STG on generation time and maltase and NADH dehydrogenase activities of S. cerevisiae
Growth was measured by optical density and the generation time calculated. The figures are means of four measurements. The standard deviation was less than 10%. Cells grown in low glucose (initial concentration 0.25 %) were harvested just as the glucose had been used up. Table 1 shows the activity of two catabolite repressible enzymes, maltase and NADH dehydrogenase, measured in cells grown in glucose medium with or without 5TG. 5TG (2 mM) in low glucose medium suppressed the activity of these two enzymes as compared with derepressed control cultures. By contrast, the mutant strains V106 and VEl, which were resistant to growth inhibition by 5TG on glycerol medium, showed high maltase activity with 4% glucose left in the medium.
Culture conditions
Eflect of 5TG on some catabolite repressible factors
Electrophoresis of ADH was carried out on the parent strains, A30 and D1 1. ADH isoenzyme I1 is normally glucose repressible (Ciriacy, 1975) . In cultures where 4% glucose was left in the medium, this isoenzyme was absent; in derepressed control cultures (starting with 0.25 % glucose) the band was present, but absent if 2 m~-5 T G had been added. The non-glucose repressible ADH I was present in all cultures. Fig. 1 shows absolute absorption spectra for respiratory cytochromes. 5TG strongly inhibited the derepression of the cytochromes (trace C) in the parent strain, even at very low concentration (1 Inhi). Glucose itself, on the other hand, allowed derepression at 10-15 mM (data not shown). In the mutants, V106 and VE1, cytochromes were derepressed at a glucose concentration of 4%. Only the spectra for D11 and its mutant V106 are shown; the set of spectra for A30 and its mutant, VEl, was very similar.
Strain BB was used to study the effects of 5TG on the surface appearance of colonies. With 0.1 ~M -S T G in glycerol agar, colonies showed a smooth surface as did colonies grown on glucose agar, while colonies on control glycerol plates had the rough appearance characteristic of this strain. The effect of 5TG seems to parallel the catabolite repressive effect on enzymes and growth described above.
The results presented so far show that proliferation occurs in cultures suppressed by 5TG. The cells use glycolysis, as indicated by ethanol production (strains A30 and D11 giving an ethanol concentration of around 0.1 % in stationary phase low glucose cultures with 2 ~M -S T G ) .
Mutants resistant to 5TG
The mutants V106 and VE1 were strongly resistant to repression by high glucose concentration as regards cytochrome content and maltase activity (Fig. 1, Table l) , and showed strong resistance to 5TG on non-zymohexose medium ( Table 2) . The catabolite repression resistant mutant cat 2.3-2A/18 (Entian & Frohlich, 1984) showed strong resistance to 5TG on the non-zymohexoses and on glycerol medium (Table 2) . Cytochromes were also derepressed in this strain in the presence of 2 ~M -S T G in medium with an initial glucose concentration of 0.25%. In other words, cross-resistance is seen between 5TG and D-glUCOSe.
The analogues 2DG and D-glucosamine have been reported to cause catabolite repression in yeast (Witt et al., 1966; Furst & Michels, 1977) and we observed the same effect on strains A30 and D 1 1 using similar concentrations of the analogues. The mutants VE 1 and V 106 also showed resistance to both 2DG and D-glucosamine. The strain cat 2.3-2A/18, which is catabolite repression resistant, showed resistance to all three analogues (data not shown). This strain has a mutation in HEXZ, the structural gene of hexokinase PI1 (Entian, 1980) . Electrophoresis of hexokinase in VEl and V106 showed both isoenzymes PI and PI1 to be present (results not shown).
In summary, we have shown that at a concentration of 0-5-2 mM the glucose analogue 5-thio-D-glucose allows the proliferation of yeast cells in low glucose medium but at the same time inhibits the derepression of a number of catabolite repressible enzymes. The mechanism of action may be similar to that of D-glucose itself although the analogue seems to be more potent. We hope the analogue will be useful in studies on the phenomenon of catabolite repression as it is less toxic than 2DG and effective at a lower concentration than D-glucosamine. This work was supported by the Science Fund of Iceland, which is gratefully acknowledged.
